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factors,	 including	dietary	 resource.	Herein,	we	evaluate	whether	 the	physiological	
conditions	of	European	perch	(Perca fluviatilis)	in	three	large	peri-alpine	lakes	(Geneva,	
Annecy,	 and	Bourget)	 depend	 on	 (a)	 the	 nutritional	 status	 of	 the	 juvenile	 fish,	 as	














indirect	 effect	 of	 lake	 nutrient	 concentrations,	 which,	 as	 a	 major	 control	 of	
zooplankton	communities,	 simultaneously	 regulate	both	 the	dietary	quality	of	 fish	
prey	and	the	host–parasite	encounter	rates.
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1  | INTRODUC TION
Parasites,	by	definition,	impose	a	cost	on	their	hosts’	resources,	often	













populations	 are	 infected	 by	 multiple	 parasites	 species	 coupled	 with	


















and	 quality,	 can	 have	 profound	 repercussions	 on	 the	 dynamics	 of	
infectious	diseases	and	moderate	the	consequences	of	the	parasite	
on	the	host	population	dynamics	(Aalto,	Decaestecker,	&	Pulkkinen,	















produces	more	spores	 than	hosts	 fed	at	 lower	 food	quality	 (Duffy	
et	al.,	 2008).	 However,	 as	 infected	 hosts	 produce	 fewer	 offspring	
than	uninfected	 individuals,	 the	 infection	prevalence	declines	with	
the	resource	quality	(Duffy	et	al.,	2008).	Besides,	a	better	nutritional	






depending	 on	 the	 host–parasite	model	 and	 environmental	 context	




juvenile	European	perch	 (Perca fluviatilis)	 in	 three	 large	peri-	alpine	













abatement	 measures	 were,	 however,	 undertaken	 earlier	 in	 Lake	
Annecy	than	in	lakes	Bourget	and	Geneva.	As	a	result,	Lake	Annecy	











































2  | MATERIAL S AND METHODS
2.1 | Study sites, sampling, and processing
Lakes	Geneva,	Bourget,	 and	Annecy	 are	 large,	 deep,	 clearwater,	
and	 monomictic	 lakes	 lying	 to	 the	 north-	western	 border	 of	 the	
French	Alps	 (Figure	1,	 see	Table	1	 for	 characteristics).	 Fish	 com-
munities	are	similar	and	typical	of	subalpine	 lakes	with	native	or	
early	 introduced	 populations	 of	 whitefish	 (Coregonus lavaretus),	
European	 perch	 (Perca fluviatilis),	 roach	 (Rutilus rutilus),	 and	 pike	
(Esox lucius).	The	three	lakes	are	monitored	fortnightly	to	monthly	






tified	 to	 species,	 weighed	 to	 the	 nearest	 gram	 (wet	 weight),	 and	
measured	(total	length)	to	the	nearest	millimetre	immediately	after	
sampling.	 Individuals	 were	 stored	 at	 −20°C	 until	 further	 analysis.	
Lakes	Annecy	and	Bourget	captures	were	randomly	subsampled,	but	
all	Lake	Geneva	catches	were	used.










tope	and	4–19	 individuals	 for	 fatty	acids	analyses	 (Supplementary	
Information	Table	S1).
F IGURE  1 Location	of	study	lakes
8716  |     FRANTZ eT Al.
2.2 | Parasitic burden








Homogenized	 freeze-	dried	 fish	 tissue	 was	 weighed	 (1	mg)	 into	
tin	 capsules.	 δ13C	 and	 δ15N	 were	 measured	 at	 the	 SINLAB	 (New	
Brunswick,	 Canada)	 on	 a	 Finnigan	 Delta	 Plus	 mass	 spectrometer	
















vs.	 pelagic),	 while	 δ15N	 reflected	 the	 intrapopulation	 variability	 in	





















































































































































































































































































































































     |  8717FRANTZ eT Al.
Fatty	acid	analyses	were	used	as	indicators	of	both	perch	trophic	
habitats	(through	the	use	of	fatty	acid	trophic	markers—FATM)	and	
perch	 physiological	 conditions	 (through	 their	 contents	 in	 essential	
fatty	acids,	see	next	section).	The	FATM	concept	is	based	on	the	ob-
servation	 that	 organic	 sources	 of	 different	 origins	 and	 natures	 lay	
down	 certain	 fatty	 acid	 patterns	 that	 may	 be	 transferred	 conser-
vatively	to,	and	hence	can	be	recognized,	 in	consumers	(Dalsgaard,	
John,	Kattner,	Müller-	Navarra,	&	Hagen,	2003).	Among	prey	of	YOY	
perch,	 cladocerans	and	cyclopoid	 copepods	are	 rich	 in	EPA	 (eicos-











2.5 | Quantification of perch physiological condition
YOY	 perch	 condition	 by	 the	 end	 of	 summer	 was	 first	 evaluated	
through	the	allometric	 relationship	between	fish	weight	 (in	g)	 (Wf) 
and	 length	 (in	mm)	 (Lf): Wf	=	a × Lf
b	 (Le	Cren,	1951),	where	b	 is	 the	
coefficient	 balancing	 the	 dimensions	 of	 the	 equation.	 Individuals	
with	negative	allometry	(b	<	3)	grew	faster	in	length	than	in	weight,	


























levels	 were	 tested,	 between	 lakes	 and	 infection	 levels,	 by	 using	
ANOVA.	Relationships	between	fish	condition	and	parasitism	were	
analysed	both	between	 lakes	and	within	 lakes.	ANCOVA	was	 first	
used	to	detect	differences	in	allometric	coefficients	between	lakes	
and	to	test	whether	they	diverged	from	theoretical	values	for	 iso-
metric	 growth.	 In	 the	 regression	models,	 log(Weight)	was	 the	 de-
pendent	variable	and	 log(Length)	the	covariate,	 lake	 identity	being	
the	categorical	variable.	The	slope	of	the	relationships	provides	an	
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potentially	 detect	 lake-	specific	 parasitic	 effect.	 Differences	 in	 FA	






3.1 | Parasite load of T. nodulosus on the population 
of YOY perch in the three studied lakes
Parasite	 prevalence	was	 the	highest	 in	 Lake	Annecy,	with	83%	of	
YOY	 perch	 containing	 liver	 cysts	 of	 T. nodulosus.	 Prevalence	 was	
the	lowest	in	Lake	Bourget	(61%)	and	intermediate	in	Lake	Geneva	
(77%).	 The	 distribution	 (χ2	=	62,	 p	<	0.001)	 and	 average	 number	
of	 liver	 cysts	 per	 individuals	 (ANOVA,	F = 118,	p < 0.001)	 differed	
significantly	between	 lakes.	 In	Lake	Annecy,	 individuals	carried	on	
average	1.79	cysts	as	compared	to	1.13	and	1.34	for	lakes	Bourget	
and	Geneva,	respectively.	PI	was	0.62	for	YOY	perch	in	Lake	Annecy,	
as	 compared	 to	 0.18	 and	 0.28	 for	 lakes	 Bourget	 and	 Geneva,	
respectively.
3.2 | Relationships between life history traits and 
parasitism between- and within- lake populations
Average	YOY	perch	length	(Figure	2a)	and	weight	were	significantly	
different	 among	 lakes	 (one-	way	ANOVA,	F = 2440,	p < 0.001,	 and	




ANCOVA (model) F p Effect
Estimated value of the 
allometric coefficient (95% CI)
Lake	effect 29.6 4·10−13 Annecy 2.44	(2.26–2.61)
Bourget 3.04	(2.88–3.19)
Geneva 2.91	(2.69–3.12)




Lake effect Infection levels within lakes
F p Lake F p
HSI 17.40 3·10−7 Annecy 63.9 1·10−14*
Bourget 9.0 0.003*
Geneva 11.4 0.001*
δ13C 462.7 <2·10−16 Annecy 0.64 0.53
Bourget 1.21 0.31
Geneva 3.66 0.04*
δ15N 1,070 <2·10−16 Annecy 0.34 0.71
Bourget 1.94 0.16
Geneva 0.24 0.79
C:N 19.84 6·10−8 Annecy 3.87 0.03*
Bourget 2.13 0.14
Geneva 0.32 0.73
24:0/16:0	terrestrial 4.68 0.01 Annecy 2.17 0.13
Bourget 4.80 0.02*
Geneva 2.98 0.07
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than	those	from	Lake	Bourget	at	similar	 infection	 levels	 (Figure	2).	
Neither	YOY	length	nor	weight	varied	significantly	according	to	in-
fection	 levels	 within	 lakes	 (two-	way	 ANOVA	 for	 length,	 infection	




while	 in	 Lake	Annecy	YOY	perch	 clearly	 grow	with	 a	 negative	 al-
lometry	(Figure	2b).	Within	each	lake	though,	b	values	did	not	vary	







effect	was	 observed	 for	 the	 YOY	 population	 of	 Lake	 Annecy,	 for	
which	HSI	was	35%	lower	for	the	highest	infection	level	than	for	no	
infection.
3.3 | Isotopic, elementary, and fatty acid biomarkers
Fish	 δ13C,	 δ15N,	 and	 C/N	 varied	 significantly	 between	 lakes	
(Table	3,	 Figure	4),	 suggestive	 of	 contrasting	 trophic	 niches.	
δ13C	and	δ15N	values	were	the	lowest	in	Lake	Annecy,	interme-
diate	 in	 Lake	Bourget,	 and	 the	highest	 in	 Lake	Geneva.	Perch	
δ13C	and	δ15N	were	not	correlated	with	fish	length	and	did	not	
vary	 significantly	 among	 infection	 levels	 within	 lakes.	 Fatty	
acid	composition	of	YOY	varied	significantly	among	lakes	(LDA,	
Wilks’ lambda	=	0.05,	 F(2,48)	= 110,	 p < 10−15)	 but	 not	 infec-
tion	levels	(LDA,	Wilks’ lambda = 0.59,	F(2,48)	= 1.03,	p = 0.44). 
The	 differences	 between	 lakes	 were	 the	 most	 striking	 for	
percentages	 of	 some	 mono-	 and	 polyunsaturated	 FA	 (PUFA)	
(Supplementary	 Information	 Table	 S2),	 EPA/DHA,	 and	 the	
terrestrial	 index	 (Table	3).	 C/N	 ratios	 (Figure	4c)	 and	 relative	
abundances	 in	 PUFA	 (Supplementary	 Information	 Table	 S2)	
were	 the	 lowest	 in	 Lake	 Annecy,	 along	 with	 the	 highest	 ter-
restrial	 index	24:0/16:0	 (Figure	5a)	 and	EPA/DHA	 (Figure	5b).	
At	 the	other	 end	of	 the	 scale,	YOY	perch	of	 Lake	Geneva	ex-
hibited	 high	C/N	 ratios	 (Figure	4c),	 high	 proportions	 of	 PUFA	
(Supplementary	 Information	 Table	 S2),	 and	 comparatively	 the	
lowest	values	for	the	EPA/DHA	and	terrestrial	index	(Figure	5).	
In	 Lake	 Annecy,	 the	 composition	 in	 lipid	 biomarkers	 was	 not	
dependent	on	the	infection	levels	but	C/N	tended	to	be	lower	
for	the	moderate	and	high	infection	levels.	In	lakes	Bourget	and	
Geneva,	 the	 physiological	 EPA/DHA	 ratio	 (Table	3,	 Figure	5)	
displayed	 values	 that	 were	 significantly	 lower	 for	 the	 higher	
infection	levels.
4  | DISCUSSION
The	 paucity	 of	 in situ	 examples	 of	 the	 dynamic	 consequences	 of	










ditioned	 the	 success	of	 infection	 (Bize,	 Jeanneret,	Klopfenstein,	&	
Roulin,	 2007),	 or	 the	 physiological	 consequences	 of	 the	 infection	
(Anderson	&	May,	1978).	The	energetic	costs	of	parasitism	can	be	





infected	hosts	can	exceed	 that	of	noninfected	 individuals	 (Arnott,	





4.1 | A primary nutritional control on YOY perch 
growth and fat storage
The	physiological	state	and	life	history	traits	of	the	YOY	perch	popu-
lations	 clearly	 varied	 between	 the	 three	 study	 lakes,	while	 differ-





















(b)	 are	 more	 likely	 to	 switch	 to	 piscivory	 and	 cannibalism	 before	
winter,	a	more	energetically	rewarding	food	source	(Keast	&	Eadie,	











Lake	Annecy,	 and	 the	 amount	 of	 fat	 storage	 is	 likely	 driven	more	
by	 the	 feeding	history	of	 juveniles	prior	 to	 the	winter	 (Heermann,	
Eriksson,	Magnhagen,	&	Borcherding,	2009).
YOY	perch	feed	on	zooplankton	and	preferentially	on	copepods	
(calanoids	 and	 cyclopoids)	 (Guma’a,	 1978;	 Masson	 et	al.,	 2001).	
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long-	chain	polyunsaturated	 fatty	 acid	 that	 is	 essential	 for	 juvenile	
fish	 growth	 and	 development	 (Sargent,	 Bell,	 et	al.,	 1999;	 Sargent,	
McEvoy,	 et	al.,	 1999).	 Total	 annual	 zooplankton	 density	 in	 Lake	
Annecy	 is	 6,500	ind./m3	 and	 intermediate	 between	 that	 of	 Lake	







cyclopoid	 copepods	 (Cyclops	 sp.)	 contribute	 to	 20%–30%	 each.	 In	
contrast,	in	Lake	Annecy,	the	microcrustacean	community	is	largely	
dominated	by	Cyclops	 sp.	 (50%–70%	of	 the	community),	while	cla-
docerans	represent	25%.	Calanoids,	represented	by	the	only	species	
Mixodiaptomus laciniatus,	 rarely	makes	 up	 >15%	 of	 the	microcrus-
tacean	 community	 (data	 from	 http://si-ola.inra.fr).	 Dominance	 by	
omnivorous	 and	 opportunistic	 cyclopoid	 copepods	 is	 usually	 ex-
pected	in	oligotrophic	systems	for	which	pico-	and	nano-	plankters	
make	up	an	important	share	of	primary	production	(Sommer,	Stibor,	
Katechakis,	 Sommer,	&	Hansen,	 2002),	 or	 for	which	 the	microbial	
loop,	 that	 is,	 the	 trophic	pathway	where	dissolved	organic	 carbon	
(DOC)	is	returned	to	higher	trophic	levels	via	its	incorporation	into	
bacterial	 biomass,	 plays	 an	 important	 role	 in	 remobilizing	 detri-
tus	 in	 these	 systems	with	 low	autotrophic	productions	 (Wickham,	
1995).	 Both	 conditions	 are	 met	 in	 Lake	 Annecy.	 Pico-	 and	 nano-	














tion	 on	 zooplankton	 structure,	which	 is	 further	 transmitted	 up	 to	
fish	growth.	 In	contrast,	 the	calanoid	Eudiaptomus gracilis	 is	highly	
ubiquitous	and	its	presence	cannot	be	straightforwardly	related	to	
lake	trophic	status	(Riccardi	&	Rossetti,	2007).	 Instead,	E. gracilis	 is	
thought	to	be	favoured	in	aquatic	systems	in	which	blooms	of	large	
or	toxic	algae	occur	(Sommer	et	al.,	2002),	such	as	in	lakes	Geneva	
and	 Bourget	 where	 blooms	 can	 occur	 episodically	 (Jacquet	 et	al.,	
2005;	Tapolczai	et	al.,	2015).
If	 the	underlying	processes	by	which	nutrients	 control	 the	mi-
crocrustacean	 community	 structure	 in	 these	 lakes	 cannot	 yet	 be	





ability	 to	 survive	 their	 first	winter	 in	 Lake	Annecy	were	 probably	
limited	by	food	quality	in	this	lake,	as	compared	to	lakes	Geneva	and	
Bourget.
4.2 | Parasitism impact on perch growth and 
fat storage
The	fish	tapeworm	T. nodulosus	is	the	most	pathological	species	of	the	
Triaenophorus	 genus	 (Brinker	&	Hamers,	2007).	Controversial	 data	
exist	on	the	effects	of	T. nodulosus	plerocercoids	on	European	perch	
growth	and	condition,	but	the	increase	in	prevalence	and	abundance	
has	 been	 considered	 as	 one	 reason	 for	 diminishing	 perch	 stocks	




(2014),	 pathological	 effects	 occur	 when	 infection	 level	 exceeds	











terious	 effect	 of	T. nodulosus	 on	 liver	 size	 and	 function.	However,	
liver	tissue	lost	during	excising	of	the	parasite	can	affect	results;	the	
more	 parasites	 removed	 the	 greater	 the	 possibility	 removing	 liver	
tissue	too.	Yet,	Raphidascaris acus,	which,	 like	T. nodulosus,	encysts	
in	the	liver	of	yellow	perch	(Perca flavescens),	significantly	diminishes	
fat	 storage	of	 the	host	 (Johnson	&	Dick,	 2001).	However,	 in	 Lake	




lakes,	 the	 availability	of	higher-	quality	 food	might	 compensate	 for	
the	 parasitic	 effect	 on	 the	 quantity	 and	 quality	 of	 lipid	 reserves.	


























lakes,	 but	 these	 are	 actually	 due	 to	 already	well-	documented	 iso-




to	 the	 lipid	 content	of	 fish	body	 (Skinner	et	al.,	 2016),	 variation	 in	
δ13C	could	also	be	the	consequence	of	highly	infested	fish	also	being	
slightly	less	fat.	Therefore,	we	considered	that	these	small	δ13C	dif-
ferences	 are	not	 robust	 enough	 to	 confidently	pinpoint	 a	parasite	
effect	on	perch	shift	to	littoral	habitat,	tied	to	increasing	δ13C.
The	 annual	mean	 and	 range	 of	 seasonal	 variability	 in	δ15N	 for	
zooplankton	 are	 comparable	 between	 lakes	 Annecy	 and	 Geneva,	
while	we	have	no	data	 for	Lake	Bourget.	YOY	perch	δ15N	 in	 lakes	












kills	 (Hjelm,	 Persson,	&	Christensen,	 2000).	δ15N	of	 perch	 did	 not	
vary	significantly	between	infection	levels	within	lakes,	excluding	a	
potential	parasitic	driven	change	in	the	timing	of	the	ontogenic	shift.
4.4 | Co- occurrence of low food quality and 
parasite loads













concentrations	 favour	 zooplankters	with	 low	P	 requirements,	 that	
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